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CCN"CRETE FOPl REACTOR VESSELS*

by

James E. McDonald**

jackgSround

1. 'Me economical production of nuclear power with the gas-cooled

reactor concept requires a large nuclear core and high pressure; conse-

qu-ntly, large thick-wailed reactor vessels are raquired. P1he construc-

tion of such reactor pressure vessels with steel is Pxtremely difficult;

* cherefore, prestressed-coacrete vessels were Pdopted as a substi-ute.

The prestrassad-concrete reactor vessel (PCRV) is ideal for this applic-

tion since it appears that there is no limit to the pressure and vessal

size other than the limitation of concrete strength.

K 2. Most PCRV's ar-e of spher h-al or cylindrical configuration and

are composite assemblfes consisting of: (a) an inner gastight steel liner,

Wb. a conrcete wall, and in t~e case of the cylindrical shape. (c) concrete

ends, a nd (d) a suitable number of prestressing cables. rhe steel liner,

which is abour 1/2 to I in. thick. *s anchored to the concrete wall so that

the gas pressure forces are -rarns.tted through its thickness directly to t')E

.:oncrnte to he case of a cylindrical design, the inside diameter may vary

from 40 to 80 ft and the wall thickness may vary from 10 to 15 ft. The. ends

mpy be as thick as 20 ft or more.

*Prepared for presentation at the Joint IMississippi-Louisiana Section

Meeting, A'uerican Society of Civil Enginers, 13:-15 April 1972, Gulfpc~i L,
M' s3. Bised on in 'estigaticns conducted for the U. S. Atomic Energy

** Thpervlsorv Research C~vul Engitieer; Chief, Structures Section,
Engineering Mechanics Branch, Concrete Division, U. S. Army ngirtac-
War.Jrways K:zoe-iment S.ation, Corps of Engineers, Vicksburg, MISS. 39180.



3. The use o' p.reatressed concrette in construction of nouclear

reactor pressure vessels is a departure trom usual civil engineer~irg

practice, and, as would be expected, rrany unus;ual problems arise in the

desiia and construction of such a vessel. In spite of the tremendous

amount of research on the properties ot concrete, information regardingj

certain properties of concrete under particular conditions is often in-

sufficient. [his appears to be especially true in the case of the use I
prestressed concrete for reactor pressure vessels. One of the most

important aspects in the design and satety evluatic'n of a PCRV is ',he

time-dependent de!formation behavior of concrete i:. th presence of va,-/ing

temperature, moisture, and loading conditions. Consequently a basic

research program formulated and dirtcted by Oak Ridge National laboratory

for Lre puirpose of develkpinF. and improving tbe technology of MCR", in

the United Scates include(, a sizeable effort directed toward investigating

tle tirpe-dependent deformation behavior of concrete under conditioas

ex..s~ir, in a PC R'. Two of the )iuxjects iLiclud d in this effort were a

test of the Moist r- d'stributi.or in a PCKV 4all and a multiaxial creep

program, both per.. -,,,i at the Wattwways Experiment Statioa .S)

Moisture Migration in Cor-etc

4. Irformation regarding tile nature ao ~tr ovement and ri te of

moi-lure loss in a co.ncrete pr i;sure vessel wall '-ubiected to a temperature

gradient is of interest in view of thle influence of the.,e parameters on

thle prone rties of concrete. in an H_'fort to evaluate these effects, an

exnerimentai study o' moiszure mig!- iLon in a pie-shaped concrete speci-men

(fig. 1) representi!:g thle flow path or hianrnel through a Cylindrical wall

of a PCRV was initiated. Thle test sper-men st !e.~teni w;s 9 ft i.'n length
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with cross-sectional dimensions of 2 by 2 ft on one ens and 2 ft by

2 ft 8 in. on the other end. The specimen was sealed against moisture

loss on the small end (interior) and along the lateral surfaces and

exposed to the atmosphere on the other end (exterior). In addition,

the lateral surfaces were heated and insulated to simulate conditions in

a PCRV where uniaxial moisture and heat flow prevail.

5. After casting of the test specimon. the temperature distribution,

.1hrinkage, and moisture distribution were ionitored for approximately

17 monz 's. After this i.tial testing, a Iemperature gradient of 80 F

was applied to the specimer and tha abovc-m,,i-.ioned measurements were

-ontinued for a; additional test period of I year.

Test Speciman

6. The casting form for the moisture migration specimen with

instrumentation, insulacion, and moisture barrier in place is shown in

fig. 2 immediately prior to casr.ing. A concrete mixture proportioned with

3/4-in. maximmn size crushed limestone aggregate to have a slump of

2 + 1/2 in. and a comp:essive strength of 6000 psi at 28 days was used

in casting the specimen. Upon completion of casting, the top was closed

and moisture sealed to the remainder of the form.

Effects of Concrete Hydration

7. Teaperature in the freshly placed concrete rose after casting

'fig. 3), peaking at all -tations between 29 andl 98 hours after placement.

The highest temperature recorded, near the midsection of the specimen, was

168 F, a rise of 93 F. After reaching the peak values, temperatures started

falling at a very gradual rate (fHg. 4), stabilizing near room temperature

about 60 days after casting.
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r 8. Moisture in the concrete, as indicated by the nuclear surface

moisture gage, was fairl.y constant in all se:tions except the two ends,

particularly the open end (fig. 5). Variations in total concrete strain

(fig. 6) followed essentially the same trends as the temperature.

Effects of a Temperature Gradient

9. Strain, temperature, and moisture in tht% concrete were in

essentially steady states prior to application of the temperature gradient

of 80 F to the specimein (fig. 7) approximately 17 months after casting.

10. As expected, temperature increases in the early stages after

application of beat were confined to that half of the specimen nearest

the hezt. After approximately 1 week, relatively uniform increases in

temperature were noted throughout the specimen. The temperature gradient

1 year after application of heat was essentially the same as that shown at

21 days (fig. 8). Teinperatures monitored by thermocouples at five different

depths in each of hree sectf|.is were fairly constant at different depths

-;ithin a CeCti.- A nv=t,, rn1fil nf thp qprrion nearest the heat

indicated that the. temperature differential between the interior and

exterior of the specimiren was within I F.

11. Variations in tocal concrete strain along the specimen's

ca cr "ic -:" -z:--r lo ten-eraturt- gra-dient Irc sc¢

ia fig. 9. The highest indicated total strain was about 340 millionths

(expansion) at the station nearest the heat. From this maxinum,

indicated total strains decreased in a generally linear manner to

less than 25 millionths near the open end. Cocrecting these strains

for t. tmal effects, assuming a linear coefficient

4



I of thermal. expa-sion of 5.0 x 10-6/F, changes in strain at each station

during the 1-year test period were computed as shown in fig. 10. This

indicates an expansion of approximately 20 millionths near the heated

end ulth a generally linear decrease to a shrinkage of approximately

35 millionths near the open end.

12. Typical variations in concrete moisture at various stations

along the top surface of the specimen as determined by a surface back-

scatter nuclear gage are shown in fig. 11. Based on a linear regression

analysis, all 10 stations, with the exception of No. 2, indicated small

decreases in moi3'.ure content over the test period. These decreases

ranged from 0.03 to 0.55 Ib/cu ft and averaged 0.23 Ib/cu ft. Station

No. 2 incicated an increase in moisture content of 0.17 Ib/cu ft. The

indicated average change in concrete moisture content for all stations

was a decrease of approximately 1.5 percent.

Di.scussion

13. The fairly uniform temperatures at different depths withit a

section and the rtlatively fast flow of heat toward the two cool faces

of the specimen during cement hydration indicate the boundary ccnditions

were sufficient to simulate the flow path through a cylindrical wall of

a PCRV where uniaxial moisture and heat flow prevail.

14. Based on the reslts of his investigati.on, it ;,,,ears that the

magnitude of any changes in the specimen's straii and mo:zture state as a

result of application of a temperature gradient was quize mai . This

indicates that the moisture mivement and rate of mois'ure I ).;s -n a PCRV

5
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wall subjected to a temperature gradient are such that these parameters

should not affect tiic properties of concrete typical of that used in this

inves;tigation.

Multiaxial Creep of Concrete

15. The WES investigation was patL of an overall investigation

plan-ted to provide information that could be used in predictions 01 vesse,

behavior for the many regimes of loading experienced under design and

hypothetical accident conditions. Thin. particul-ir investigation is

concerned with one strength (6000 ps; at 28 days), three aggregate types

(ciiert, limestone, and gr~ywaci'e), one cement (type 11), two ty'pes of

specimens (as-cast and a r-u.ried' , two levels of temperature during test

(73 and 150 F,, and fou tvpres of loading (uniaxial, hydrostatic, biaxial,

and triaxial).

16. Concrete., de wiz, -ennessee limestone aggri:gata (3!4-i;n. maxi-

mum size) was chosea as the main mixture on the basis that it was repre-

sentative of what migc c beused in a PCRV in -lost sections of the U'nited

States. Two othL-r *ixtures containing Alabam~a gr;.-.w_-c"ke and chert,r aggregate with elas~ic moduli lever and higher, .-cspectively, than that
or limestone, tere u;sed to provide info--aclon tor com.parison.

17. 7h_- as--ast specimens were sealed at casting .mAn- remained so

throughout the *:.!sts. The rosultant highly autralted ,,ncrete was

reorese: tat . e of L1hat in thlt inc circ Of e a 0'~~ o:Conc rete such., as

a PCF Alter 7 days of wet t:ht? .:r-dr.cd specinmas w~

a!' -,wed to d !v in iii at 73 F and ' per cnt re I tivehmidit for the



remainder of the 90-day period preceding testing. These specimens

exhibited considerable moisture loss and wet. representative of concrete

near the exterior of a PCRV. In addition, specimens cured in lime-

saturated water at room temperature for the required period were tested

for strength control.

18. The temperature levels during loading were selected as being

representative of the limits of the range of concrete temperatures

experienced in a nuclear reactor, 73 and 150 F corresponding to tempera-

tures e.pected at the outer and inner surfaces, respectively, during

*normal operation.

19. Test specimens were loaded in uniaxial, biaxial, hydrostatic,

and triaxial states of stress with both axial stress (a ) and radial

confining stress (a R) ranging from 0 to 2400 psi.

Mixture Proportions

20. Three concrete mixtures were proportioned with type II portland

cement and 3/4-in. maximum size aggregates whose moeuli of elasticity

* ranged from 3.8 to 13.65 x 106 psi to have compressive strengths of

* 6000 psi at 28 days. The resultant concrete mitures were designated

high, main, and low modulus according to aggregate moduli.

Specimens

21. The 6- byl16-in, cylindrical creep and control specimens weit

catt horizontally in a steel mold that naintained parallelism of the 1-in.

end plates which held the vibrating wire strain gages in place as shown Ln

fig. 1i-. After consoiidation on a vibrating table, the specimens were

troweled to complete the circular cross section, and then placed in a

7
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100 percent hum'"'-, ,r og") room. After 24 hours, all specimens wele

stripped and the as-cast specimens were then coated with epoxy and returned

to the fog room. The remaining cylinders were placed in lime-saturated

water (!1inewater). Twenty-four hours later, as-cast specimens were given

another coat of epoxy and were hermetically sealed with sheet copper and

weighed.

22. After 7 days of limewater curing, the air-dried specimens were

removed from the limewater and placed in a room at 50 percent relative

humidity and 73 + 3 F for the remainder of the 90-day period preceding

testing. Prior to testing, the air-dried cylinders were coated' with epoxy

and hermetically sealed in copper sheet. Twenty-four hours later, the

copper sheet was coated with epoxy and a rubber membrane was placed around

the cylinders to protect them from the hydraulic oil.

23. In general, the test specimens were cured for 83 days as

previously described, then placed in test rigs located in the proper

environmental condition (73 or 150 F) for 7 days prior to loading.

Appropriate loads were applied manually with a hydraulic hand pump.

When the desired maximum load was attained, the vessel was switched to

the manifold system (fig. 13) which maintained a constant load using an

oil reservoir under regulated high-pressure gas.

24. Types and magnitude ot loads and environmental conditions 'or

the 66 creep specimens are shown in Lable 1. There were two specimens,

one each as--cast and air-dried, associated with each test condition. Of

the four control specimens per batch, two each were as-cast and air-dried.

One control specimen of each type was maintained in each of the environ-

mental conditions throughout the test period.

8
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Experimental Results

25. Concrete compressive strengths at 28 and 90 days were determined

for all concrete batches. In addition, compressive strengths at advanced

ages were determined for concrete of the first three batches, and the

results are presented in table 2.

taki26. Elastic strains due to the applied loads were determ!ned by

taking readings immediately prior to loading, after each load increment

was added, and immediately after attaining maximum load. The air-dried

uniaxial specimens loaded to 2400 psi at 73 F exhibited slightly higher

strains (maximum of 26 millionths) at maximum load than companion as-

cast specimens. Concrete moduli of elasticity determined using the

average of these two maximum elastic strains were 6.38, 5.66, and

3.08 x 106 psi for the high, main, and low aggregate moduli of elas-

ticity, respectively.

27. Creep strain-time relationships were determined for all loaded

specimens by subtracting the elastic strain and control strain from the

total strain for each gage. Typical results are s',own in fig. 14-17.

The results of these tests reveal that, for a given temperature and

loading, the use of the three different aggregates gave axial creep

strain values differing by a factor of 1.0 (chert):l.7 (limestone):3.1

(gra>4acke), which corielated generally with the reciprocal of the modulus

of elasticity of the aggregate and, hence, the modulus of elasticity of

the concrete, which were in the proportions of 1.0:1.3:3.6 and 1.0:1.1:2.1,

respectively. Using the 150 F environment generally increased the creep,

9
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with the overall increase averaging 86 percent. Axial creep strains also

increased with lead level and varied with the mode of loading. Taking an

overall average for each mode, the higher axial creep strains were

associated with the uniaxial loading followed by the triaxial loading in

which strains were approximately 80 percent of those in the uniaxial mode.

In the hydrostatic mode, average axial creep strains were approximately

35 percent of those in the uniaxial mode. The axial creep strains in the

biaxial mode were tensile in nature, with a magnitude averaging slightly

less than the hydrostatic strains or approximately 30 percent of those

in the uniaxial mode.

Discussion

28. A comprehensive evaluation of the effects of aggregate moduli,

moisture condition, testing temperature, and loading conditicn on the creep

of concrete is currently being prepared and will be presented in a WES

Technical Report. Nevertheless, the test results can be generally

summarized as follows:

a. It is possible to proportion concrete mixtures containing
widely varying aggregate moduli with subsequent variations

in concrete moduli to have similar compres.ive strengths.

b. For the range of mixtures tested, it appe.-rs that creep of
concrete is inversely proportional to the modulus of elas-
ticity of the concrete.

c. In general, air-dried specimens had creep strains equivalent
to or slightly higher than as-cast specimens at a given
temperature.

d. Both as-cast and air-dried specimens tested at 150 F tem-
perature exhibited higher creep strains than eomlarable
specimens tested at 73 F temparature.

10



e. In vniaxially and biaxially loaded specimens at both
temperatures, creep strains occurred in the direction
perpendicular to the direction of the applied stress.

Thus, a creep Poisson's effect apparently occurred.

Summary

29. Results indicate that the moisture movement and rate of moisture

loss in a PCRV wall subjected to a temperature gradient are such that these

parameters should not significantly affect the properties of concrete mix-

tures which are properly proportioned, mixed, and consolidated to obtain

sound, dense concrete.

30. It appears that creep of concrete, for the range of conditions

tested, is inversely proportional to the modulus of elasticity of the

concrete, which is determined to a large extent by the modulus of

elasticity of the aggregate. Hence, the selection of competent, high-

modulus aggregates for PCRV concretes is of paramount concern. In

addition, the significant increase in creep in a 150-F environment and

the subsequent reduction in sustained modulus of elasticity of the

concrete musc be considered in predictions of vessel behavior over

extended periods of time.

_ _U
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Table 1

Creep Test Conditions

Batch Concrete Type of Temp Load, psi
No. Modulus LoadJnng F aA _R

High Uniaxial 150 600 0
Uniaxial 150 2400 0
Uniaxial 73 2400 0
Uniaxial 73 600 0

II Main Uniaxial 150 600 0
Unia:ial 150 2400 0
Uniaxial 73 600 0
Uniaxial 77 2400 0

III Low Uniaxial 150 2400 0
Hydrostatic 150 2400 2400
Uniaxial 73 2400 0
Hydrostatic 73 2400 2400

IV High Hydrostatic 150 2400 2400
Hydrostatic 73 g0 600
Hydrostatic 73 2400 2400

V Main Biaxial 150 0 600
Hydrostatic 150 2400 2400
biaxial ,' 0 600
Hydrostatic 73 600 600
Hydrostatic .3 2400 2400

VI Main Biaxial 150 0 2400
Triaxial 150 2400 600
Triaxial 73 2400 600
Biaxial 73 0 2400

Vil High Biaxial 150 0 2400
Biaxial 150 0 600
Triaxial 150 2400 600
Triaxial 73 2400 600

V1I Low Unaxiai 150 600 0
Biaxial .50 0 2400
Biaxial 150 0 600
Triaxial 150 2'400 600

Triaxial 73 2400 600

124
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Table 2

Compressive Strength Test Results

Compressive Strengths, psi
Age, Type of High Modulus Main Modulus Low Modulus
days Curing 73 F 150 F 73 F 150 F 73 F 150 F

28 S 6690 -- 6600 -- 6320 --

D 6970 -- 7320 -- 6700 --

90 S 7890 -- 7480 -- 7160 --

D 8010 -- 8110 -- 7570 --

183 S 7480 8,660 8590 8560 8370 8690
D 9250 3,880 8590 7890 8220 7990

365 S 8160 10,010 9110 9430 9350 8200
D 8840 8,410 8660 8380 8530 8710

455 S 8160 9,855 9140 8690 9350 9250
D 9480 9,030 8980 8380 8345 9295

S = As-cast
D = Air-dried

t
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Fig. 14. Creep strain-time relations for uniaxial loaded
as-cast specimens at 73 F
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Fig. 17. Creep strain-time relations fo r triaxially loaded
a:;-cast specimens at 73 F


